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Abstract
We report observations of weird but interesting phenomenon from the molecular dynamics sim-
ulations, occurrence of second blows in the head-on collisions of two equal-sized spherical nano
polymer droplets. In the head-on collisions, we usually expect a single peak of impact forces be-
tween two colliding droplets. But, in the simulations, the second peak of the impact forces is
actually observed. Its underlying mechanisms at the molecular scale are also proposed.
1
INTRODUCTION
Droplets collisions are a very common phenomenon in nature or in industry applications
as well. For example, the changes in water droplets sizes by their collisions result in quite
different weathers ranging from heavy rain falls to thin fogs [1]. Furthermore, its under-
standing enables us to better control the droplet processing in applications, such as spray
processing [2]-[3], microfluidics [4]-[5], and so on.
Many investigations of the droplet collision dynamics have been done by using experi-
mental, simulation, and theoretical approaches [6]-[8]. For the case of experiments of nano
droplets collision, it is very hard to precisely control the experimental setups and/or parame-
ters, such as their sizes, shapes, impact velocities, and impact parameters, etc. Understand-
ing of droplets collision, in particular, at a molecular level, is still very poor. Simulation
has some advantages over the experiment and theory, and can easily and precisely control
experimental setups and/or parameters. It can thus significantly enhance the detailed un-
derstanding of the collision dynamics inside the droplets which cannot be readily accessible
in experiments. In this study of nano droplets collision, therefore, we employ a simulation
approach [9]-[10].
Here, we report an interesting behavior of molecular dynamics (MD) simulation results,
which is related to the impact forces between two colliding droplets. Intuitively, when two
droplets collide head-on, they experience impact forces from the other and show a single peak
of the impact forces during the collision. However, in our molecular dynamics simulations,
unexpected occurrences of a second peak in the impact force are observed. This is called a
phenomenon of second blow. As the impact speed is lowered, the two peaks converge into
one and finally disappears. This second blow has not yet been reported elsewhere.
This article is organized as follows: In section , we first describe the simulation method
and relevant simulation parameters. In section , simulation results on the second blows
are reported and the relevant parameters to characterize them are introduced. Finally,
discussions and concluding remarks are followed.
2
SIMULATION METHOD
Let us first describe the simulation model [10]. The polymer chains in the droplets are
modeled by a bead-spring model [11]. The chain length of a polymer is L = 10. All
monomers in the same droplet interact with each other through the Lennard-Jones (LJ)
potential, given as
VLJ(r) = 4ǫ[(r/σ)
−12
− (r/σ)−6]. (1)
All the quantities are expressed in Lennard-Jones reduced unit, just for convenience. Neigh-
boring monomers in the same chain additionally interact with the finite extension non-linear
elastic (FENE) potential given by,
VF (r) = −
kF
2
r0 ln[1− (r/r0)
2], (2)
where kF is a spring constant and r0 is a maximum length within which the chain can be
sustained. In our simulations, we choose r0 = 1.5 and kF = 30.0. The interaction between
molecules in the different droplets is set to be completely repulsive.
We prepare two colliding spherical droplets as follows: First, we make a polymer droplet
in a state of melt such that the positions and velocities correspond to a thermodynamic
state with a density ρ = 0.5 and a temperature T = 0.5. The shape of the droplet is
initially cubic. To make a spherical droplet from cubic one, we connect each molecule with
a virtual harmonic spring with a weak spring constant and the other end of each spring is
connected to the center of the simulation box to contract the droplet towards its center. We
can eventually have a spherical droplet with a radius R = 22.87 and a thermodynamic
state of a density ρ = 0.83 and a temperature T = 0.5. After the shape of droplet
becomes spherical, we disconnect the harmonic spring and then equilibrate for some time.
In order for the droplets to collide, they are assigned the same approach speed u, so their
relative speed corresponds to 2u along the x-axis. We choose a significantly larger value of
the cutoff length rc = 5.0 for the LJ interaction, compared to the usual value of rc = 2.5,
in order to avoid an unwanted force, when they enter the interaction cutoff region from a
distance. The number of molecules composing a droplet is N = 40, 000. We average over
32 different initial configurations by rotating each droplets.
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FIG. 1: (Color on-line) Impact force Fx(t) for different impact speeds u. We can clearly see the
second blows when u > 1.0.
TABLE I: Height ratio H and parameter S with the impact speed u. As the impact speed u is
larger, the second blow becomes more pronounced. The second blows are well classified if H > 2.5
and S > 2.0.
u H S
1.5 3.69 4.11
1.2 3.14 3.70
1.0 3.32 2.46
0.8 2.05 1.85
0.6 0.51 2.50
SIMULATION RESULTS
When two droplets collide, the total impact forces Fx(t) between them are exerted each
other. These forces are averaged over 32 different initial configurations. The time t = 0
is set when two colliding droplets just begin to feel the impact forces Fx. The simulation
results are shown in Fig. 1 for different impact speeds u.
Let us consider the case u = 1.5, as a specific example. The first peak in impact forces
occurs at t = 3.0 with a total force Fx = 5283 and the second peak at t = 12.0 with
Fx = 2933. The local minimum between the first and the second peak occurs at t = 9.5
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with Fx = 2058. In this case, we can clearly see the second blow.
As the impact speed decreases, the times at which the first peak and second peak occur
come closer each other and eventually converge into one. The relative magnitude of the first
peak and the second peak are also reduced. At impact speed u = 0.4, there is only one peak
in Fx(t).
To characterize the second blow phenomenon, we introduce two parameters, H and S.
The relative height between the first peak and the second peak with respect to the local
minimum of the impact force is defined as relative force magnitude ratio
H ≡
F1 − Fv
F2 − Fv
, (3)
where F1 is the first peak force, F2 is the second peak force, and Fv is the local minimum
force. The second blow can also be characterized by a quantity S, which is defined as
S =
F2 − Fv
s
, (4)
where s is an average of standard deviations of the impact forces Fx over 32 different initial
configurations. Thus, S can be used to find how conspicuous the second peak is relative to
the local minimum. The calculated results are summarized in Table I.
As the impact speed u is lowered, the second peak gradually disappears. Below impact
speed u = 0.8, it is rather difficult to identify the second peak, having H < 2.5 and S < 2.0.
On the contrary, at impact speed u = 1.5, we have H = 3.7 and S = 4.1.
DISCUSSIONS AND CONCLUSIONS
As the two droplets begin to collide, the impact forces Fx between two droplets are rather
rapidly increased up to the first peak and then it is decreased for a moment, and then again
it is slowly increased to make the second peak. When the impact speed is small, the impact
forces do not show any second peak. But, when the impact speed is greater than u = 0.8,
they begin to show the second peak. The second peak is always followed by the first peak.
The third peak is not observed in the simulations. As shown in Fig. 1, the interval between
the two peaks is wider as impact speed increases. The times at which the first peak occurs
is smaller and the height of the first peaks is larger as the impact speed increases.
Let us now consider the underlying mechanism of the second blow phenomenon. This
second blow seems to be due to two mechanisms. The droplets are in melt state, rather than
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in rigid solid state. Even after the first blow occurs, the area of contact area increases. Thus,
more molecules involve in the collision process. This supplies newly incoming molecules
in the outer region. However, the momenta and kinetic energy supplies are significantly
reduced in the region near the collision axis. Furthermore, new incoming momenta are
mainly supplied from the molecules around at r = ±15.0 from the colliding center of the
droplets. The combination of participating number and new kinetic energy supplies make
the second blow occur around at t = 12.0. This makes a spill-over effect at the time of the
second blow. From these facts, we can also infer that we cannot observe any second blow, if
the radius R of a droplet is less than 10.0.
In the simulations, we fix the polymer chain length unchanged even under strong collision.
However, in reality, when two polymer droplets collide strongly, the polymer chain may be
broken into parts. The polymer chain transfers the kinetic energy of the droplets into the
elastic potential energy. The polymer chain saves elastic potential energy. This elastic
potential energy reduces the impact forces between two colliding droplets, showing a local
minimum of the impact forces. Later, when the elastic potential energy is restored into
kinetic energy, consequently increase the impact force between droplets. This is a kind
of slingshot effect, related with the elastic behavior of the polymer chain. This may be
an artefact of the simulations, because the polymer chain is kept unbroken as they collide
in the simulations. This implies that if polymer chain breaks in the strong collision, this
phenomenon may not happen. Actually, the impact speed is larger than u = 1.6, there are
some chances to break droplets into parts for some initial configurations. The time for the
molecules at the surface of the droplet to move freely along the impact direction is around
at t = 7.5. This may give the lower bound of the time for the second blow to occur.
In summary, we present the second blow phenomenon during the head-on collisions of
spherical nano polymer droplets through the molecular dynamics simulations and proposed
the underlying mechanisms of this phenomenon at the molecular scale. This second blows
are observed for different initial configurations. This is checked over 32 different initial
conditions. The possible mechanisms for second blow may be due to the spill-over effect
and/or the slingshot effect. The phenomenon may be explained by a combination of these
two mechanisms. Finally, we raise the problem and further investigations on the subject
should be followed.
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